In 2008, vegetable growers observed stunted lettuce plants showing signs of chlorosis and wilting. It was suspected that monochloramine in the recycled water used for irrigation, in combination with extreme environmental conditions (high irrigation water salinity and extreme heat), was responsible for these crop failures. A series of glasshouse studies was conducted to evaluate the impact of monochloramine concentration alone on iceberg lettuce seedlings, as well as in combination with high salinity and hot ambient temperatures. Monochloramine concentrations up to 9 and 15 mg L À1 Cl 2 for continuous and initial irrigation only, respectively, did not affect the weight of iceberg lettuce heads (p > 0.05), while the combination of monochloramine (4-5 mg L À1 Cl 2 ) and salinity (3,500 μS cm À1 ) did not significantly affect harvest measurements (p > 0.05). We therefore conclude that it is unlikely that monochloramine was responsible for the observed crop failures.
INTRODUCTION
Wastewater irrigation has been practised for centuries and in recent years has gained importance as a critical irrigation source in many countries (Hamilton et al. ) . While in many countries irrigation with untreated or minimally treated wastewater is common, often out of necessity, treatment of wastewater for irrigation of food crops is a standard practice. In countries such as the USA, Israel and Australia, wastewater is highly treated to comply with strict regulations for the irrigation of food crops. In Australia, wastewater use in agriculture has increased steadily over the last decade, and is now commonplace in Victoria, particularly in Melbourne's peri-urban vegetable growing areas. The Werribee Irrigation District (WID), approximately 30 km west of Melbourne's city centre, is an important vegetable growing region that receives recycled water from the Western Treatment Plant (WTP) (Melbourne's first large commercial recycled water scheme). While the scheme has been crucial to the continuing production of vegetables in the WID, it has also featured prominently in local debate over the fit-for-purpose status of the wastewater in general, and has struggled with a range of difficulties including production and supply to meet growing demand, as well as water quality, particularly salinity levels (Barker-Reid et al. a, b) .
The Werribee incident
In January 2008, 10 vegetable growers in the WID observed stunting of their iceberg lettuce crops, covering ∼15 hectares (Rodda & Kent ) , coinciding with a period of extreme heat and the use of both recycled water and high salinity river water. The primary symptoms included chlorosis or yellowing of leaves and stunting or lack of growth, while those plants that were severely affected were wilted with older leaves that had died and shrivelled (Taylor ) . 
MATERIALS AND METHODS
To evaluate the impact of monochloramine on iceberg lettuce (Lactuca sativa L.), two glasshouse experiments were conducted. The monochloramine dose-response experiment evaluated a range of monochloramine concentrations in an effort to determine the maximum concentration with no impact on plant health, and the monochloramine þ salinity experiment evaluated the combined effects of monochloramine with high salinity irrigation water.
Decay of monochloramine in growth media
In an effort to replicate field conditions of the 2008 lettuce crop failure, an initial evaluation of growth media was conducted to determine an appropriate mixture that closely Based on these results, we selected the 50:50 mixture as the growth medium for all experiments as it approximated the rate of monochloramine decay while providing sufficient drainage to prevent waterlogging in pots.
Crop management
The studies were conducted in a controlled environment growth room, where light and temperature were pro- Company, Loveland, Colorado, USA) was used to test each water sample using two different methods to measure monochloramine concentration. Test kits for total and free Therefore, irrigation treatments were applied in such a way as to minimise any effect of decay over the duration of the irrigation event. In the dose-response experiment, all water treatments were prepared and tested immediately prior to irrigation to minimise decay. This meant that water treatments were not applied one block at a time but rather one treatment at a time. While this situation was not ideal, it was unavoidable due to the large number of treatments and the long time periods needed to prepare the treated water. In the monochloramine þ salinity experiment, the small number of treatments meant that all water samples could be prepared at one time and therefore irrigation treatments were applied by block.
Salinity treatments were prepared by adding sodium chloride (Chem-Supply Analytical Reagent) to recycled water to attain the specified concentration. Salinity (as electrical conductivity), pH and temperature were recorded for all water samples using a hand-held meter (TPS WP-81 pH-cond-salinity; Microdaq.com, Ltd, Contoocook, NH, USA).
Plant measurements
At harvest, lettuce heads were cut at the base and weighed.
Roots were gently teased from the growth medium ('intact roots') and washed with tap water while roots remaining in the growth medium were manually removed and washed ('root pieces'). Both intact and root pieces were Irrigation treatments were prepared immediately prior to application, and monochloramine concentration, pH, salinity and temperature were recorded (Figure 2 ). Water quality parameters varied from day to day but monochloramine treatments remained discrete. Solution pH remained between 8 and 9, ideal for the formation of monochloramine. Salinity was very similar between treatments on any given day and temperatures remained between 15 and 25 W C.
Monochloramine þ salinity experiment
Based on results from the dose-response experiment, the monochloramine þ salinity experiment was designed to determine if the combination of high temperature, salinity and monochloramine concentration affected plant health.
The trial used a Latin square design, with four treatment combinations in a 2 × 2 factorial arrangement and 16 replicates of each treatment, for a total of 64 lettuce plants.
The treatments were as follows:
1. Recycled water (∼2,500 μS cm Growth room conditions (temperature and humidity)
were similar to those presented in Figure 1 showing high-temperature events at the start of the trial and then temperate conditions (∼28 W C daily maximum, ∼20 W C daily minimum). Irrigation treatments were prepared immediately prior to application, and monochloramine concentration, pH, salinity and temperature were recorded (Table 3) 
Data analysis
All data were analysed with GenStat software (11th edition; VSN International, Hemel Hempstead, UK) using analysis of variance, and post hoc comparisons between means were made using Fisher's least significant difference. For each experiment, all data were analysed together such that in the dose-response trial both continuous and spike treatments were analysed together. Transformation of data (log 10 ) was required to stabilise the variance for the monochloramine þ salinity experiment measurements of head and root weights, but all analyses of the dose-response experiment were performed on the raw data.
RESULTS
Monochloramine dose-response experiment 
DISCUSSION
Monochloramine concentrations up to 9 mg L À1 Cl 2 (continuous irrigation) and 15 mg L À1 Cl 2 (initial irrigation only) did not affect the weight of iceberg lettuce heads grown in a sand:soil mixture and did not induce stunting similar to that observed in field-grown crops in the WID.
We had hypothesised that lettuce seedlings might be more sensitive to monochloramine than 1-month-old pea or wheat plants (UWRAA ), but our results are similar to those reported by the UWRAA, where concentrations <22 mg L À1 Cl 2 had no effect on plant health. While previous experiments investigating the impact of chlorine on lettuce found higher thresholds (26 (Carillo et al. ) and 18 (Frink & Bugbee ) mg L À1 free chlorine), the maximum monochloramine concentrations investigated in this experiment were based on an estimated worst-case scenario for the recycled water, making higher concentrations irrelevant. A threshold monochloramine concentration for iceberg lettuce was not determined. The monochloramine þ salinity experiment attempted to mimic the conditions of the 2008 lettuce crop failure by applying highly saline, chloraminated water under high temperature conditions. We had anticipated that, regardless of chloramine treatment, a salinity effect would be observed. Grattan () reported an irrigation pieces. Note for the treatments, S refers to spiked treatments, C refers to the continuous treatment and the number is the monochloramine concentration mg L À1 Cl 2 . p refers to the p-value for testing the hypothesis of no difference between the treatment means, and for p 0.05, significant differences between treatments occur where bars have different letters.
water salinity threshold for lettuce of 900 μS cm À1 , where irrigation water was used continuously to achieve a leaching fraction of 15-20%, resulting in the maximum soil salinity level that the crop can tolerate without a decline in yield (1,300 μS cm À1 ). All treatments exceeded the irrigation salinity threshold, but no differences related to salinity level were observed. It is likely that the trial was not of sufficient duration to significantly elevate soil salinity levels (the primary driver of reduced yields). Plant growth was much less vigorous across all treatments, likely due to the fact that the lettuce planted was a cool weather variety (Marksman), less suited to warm temperatures. Nonetheless, symptoms of chlorosis and wilting of leaves were not widely observed. While roots displayed unusual symptoms (such as short laterals and strange nodules), these were not related to the applied treatments and were likely caused by an unidentified soil-borne plant pathogen.
The fresh weight of roots (all and intact) from the dose-response experiment showed a significant treatment effect that did not correspond to increasing concentrations of monochloramine (Figure 3 ). On reflection, it is possible that this apparently random effect is an artefact of the water treatment method used in this experiment.
Individual aliquots of ammonia and chlorine were added to recycled water to prepare solutions for each treatment.
It is possible that mixtures had differing concentrations of unreacted ammonia that may have provided a varying fertilisation effect, although fertiliser was applied to all treatments so this effect is likely to have been minimal.
The ammonia concentration was not measured as it was not expected to vary; therefore this theory cannot be confirmed.
While every attempt was made to mimic conditions experienced by growers in early 2008, we were unable to fully replicate hot, drying winds; therefore, it is likely that we inadequately represented the extreme transpira- 
